Accuracy of evolutionary analysis of populations within a species requires the testing of a large number of genetic polymorphisms belonging to many loci. We report here a reconstruction of human differentiation based on 100 DNA polymorphisms tested in five populations from four continents. The results agree with earlier conclusions based on other classes of genetic markers but reveal that Europeans do not fit a simple model of independently evolving populations with equal evolutionary rates. Evolutionary models involving early admixture are compatible with the data. Taking one such model into account, we examined through simulation whether random genetic drift alone might explain the variation among gene frequencies across populations and genes. A measure of variation among populations was calculated for each polymorphism, and its distribution for the 100 polymorphisms was compared with that expected for a drift-only hypothesis. At least two-thirds of the polymorphisms appear to be selectively neutral, but there are significant deviations at the two ends of the observed distribution of the measure of variation: a slight excess of polymorphisms with low variation and a greater excess with high variation. This indicates that a few DNA polymorphisms are affected by natural selection, rarely heterotic, and more often disruptive, while most are selectively neutral. This paper presents results of the first phase of our study of human evolution based on nuclear DNA variation in five populations studied for a selected set of 100 DNA polymorphisms. At this stage we have chosen to focus on a large number of markers typed on each of a small number of defined populations because the reliability of conclusions is so dependent on the number of independent markers (1-3). Using these data (presented in detail in ref. 38), we examine the shape of the tree and compare it with earlier trees, investigate an observed anomaly of evolutionary rates, and study variation of different genes and its bearing on the theory of neutral evolution.
This paper presents results of the first phase of our study of human evolution based on nuclear DNA variation in five populations studied for a selected set of 100 DNA polymorphisms. At this stage we have chosen to focus on a large number of markers typed on each of a small number of defined populations because the reliability of conclusions is so dependent on the number of independent markers (1) (2) (3) . Using these data (presented in detail in ref. 38) , we examine the shape of the tree and compare it with earlier trees, investigate an observed anomaly of evolutionary rates, and study variation of different genes and its bearing on the theory of neutral evolution.
Prior studies of human populations using DNA markers have been limited almost entirely to mitochondrial DNA (4, 5) and the much less informative f3-globin region (6) or have involved combinations of data from different populations for a great variety of loci (7) . These studies supported previous conclusions (8) regarding the early separation of African and non-African lineages, based on classical polymorphisms (studied by electrophoresis of proteins and immunological tests). A further, more extensive analysis ofclassical markers has confirmed this conclusion (9) .
There are now >2000 (2064 as of July 1990; unpublished observation) catalogued and documented DNA polymorphisms. Most of these are standard restriction fragment length polymorphisms (RFLPs) (10) (11) (12) , but some of the more recently discovered polymorphisms have been typed using the polymerase chain reaction (13, 14) . The two techniques provide an enormous, previously untapped source of genetic markers. As discussed elsewhere (38) , the data set analyzed here is the beginning of a reference set for future comparisons of a large number of populations.
Data
The populations typed for 100 DNA markers were (i) individuals of European origin from ongoing studies in our laboratories or reported in the literature; (ii) Chinese born in mainland China living in the San Francisco Bay Area; (iii) non-Austronesian speaking Melanesians from Bougainville (blood samples collected by J. Friedlaender); and (iv and v) two groups of African Pygmies, one from the Central African Republic and the other from northeastern Zaire. Thus they are fairly representative of the world's aboriginal populations, except for Amerind populations, who are presently being typed. The Pygmies of the Central African Republic are probably an admixture of about three-fourths non-Pygmy African ancestry and one-fourth Pygmy ancestry of the Zaire type (15) on the basis of classical markers; this is reflected in their taller size compared with the other Pygmy group, from Zaire, believed to be less mixed and more representative of these hunter-gatherer populations.
In order to obtain sufficient DNA, B lymphocytes from samples of the selected indigenous populations were transformed with Epstein-Barr virus. DNA from these cell lines was tested for polymorphism of both known and anonymous DNA segments (16, 17) . The average number of chromosomes screened per population is 50.3 for African Pygmies from Zaire, 43.7 for Pygmies from the Central African Republic, 109.7 for Europeans, 63.8 for Chinese, and 25.8 for Melanesians. We previously reported (17) detailed data from the same five populations including methods and probes used for 47 RFLPs. Data for the remaining polymorphisms are published separately (38) . Statistical reliability and agreement with evolutionary models were tested by bootstrap resampling of the polymorphisms (9, 18, 19) .
The Evolutionary Tree
Observed genetic distances are shown in Table 1 . The tree calculated by maximum likelihood (23, 24) for a model assuming constant evolutionary rates is shown in Fig. la . This tree confirms the hypothesis that the earliest divergence in human evolution separated Africans and non-Africans (5, (20) . Those below the diagonal are based on FST (21), also corrected for sampling error due to the small number of individuals tested. The two distances are proportional to each other in the observed range, with a ratio of the FST distance to Nei's standard genetic distance of 1.80 ± 0.04. The five populations are Pygmies from the Central African Republic (PygC), Pygmies from Zaire (PygZ), Caucasoids of European origin (Eur), Chinese (Chi), and Melanesians (Mel). According to a treeness test (22) , given the tree of Fig. la the six distances between the two African populations and the three non-African populations (*) are expected to be equal. This expectation under constant evolutionary rates is not borne out by the data. A significance test by bootstrap of the difference between the average of the African-European distances (t) and the average of the African-Chinese and African-Melanesian distances (t) (t = -0.1028 ± 0.0252, P < 0.0001) shows that Africans are significantly closer genetically to Europeans than to Chinese or Melanesians. This probability is sufficiently small to compensate for the fact that we have chosen one of several possible comparisons of the six distances. For the Fs-r simulation an additional polymorphism was included; the differences in genetic distance are minor. 6, 8, 9) . The second fission suggested by these data separates Melanesians from Chinese plus Europeans. This is consistent with the observation based on classical genetic markers that the second divergence separated Australians, New Guineans, and Southeast Asians from North Eurasians (and Amerinds, not tested here) (9) .
The fit of this tree, however, is not acceptable. If genetic evolution in different lineages is independent and occurs at equal rates, we expect all distances between pairs of populations generated by a specific tree node to be equal (22 With alternative approaches to tree construction that allow evolutionary rates to vary, the branch corresponding to Europeans is very short, and shorter than the Chinese branch ( Fig. 2) . Because of the lack of specific hypotheses on evolutionary rates, the trees are all unrooted and their topology is slightly different from that of Fig. la Table 1 . Eighty-four percent ofbootstrap replicates give the tree topology ofa, supporting the sequence of fissions. Standard errors of branch lengths were estimated using the bootstrap. The time scale was based on the hypothesis that the separation of Africans from non-Africans took place 100,000 years ago (25) (20) , "minimum-string," and "least-squares" (1, (26) (27) (28) (29) , are given. The European branch joins the tree between the branch leading to Africans and that leading to Chinese plus Melanesians; branch e is significantly different in length from zero, according to bootstraps of the minimum-string tree for the neighbor-joining topology. C.A.R., Central African Republic.
those given in ref. 22 . The data were found to be consistent with admixture between the branch leading to Chinese after their separation from Melanesians and the branch leading to the two African populations (Fig. lb) . From maximum likelihood estimates the European admixture consisted of 65% Chinese ancestors and 35% African ancestors (with a standard error of ±8%) and took place at a time =70% of the total since the origin, or 30 ± 6 kiloyears (kyr) ago. Based on the admixture model, the other divergence-time estimates are also modified (Fig. lb) . In particular, the time of separation of Melanesians and Chinese is slightly decreased (to 68 ± 8 kyr) compared with the estimate based on the analysis without admixture.
This admixture model fits the data very well. Its major weakness is that it is extremely specific in assuming that admixture took place rapidly, followed immediately by sep The variation of FsT from one polymorphism to another may help us establish whether natural selection is playing a role or whether variation is selectively neutral. In the latter case the only force at play is drift; we expect this pressure to be equal for all genes, since drift depends only on demographic properties of the populations and not on the particular gene being studied (33) . FST will still vary from gene to gene, but the extent of variation will be predictable. Ifnatural selection is at play, and if in some environments one allele is favored while in others a different allele is at an advantage (disruptive selection), then FST for that gene is expected to be higher than for a gene affected by drift alone. If, on the other hand, natural selection favors the heterozygote over both Proc. Natl. Acad. Sci. USA 88 (1991) homozygotes (stabilizing or balanced selection), then we can expect FST to be lower than average.
In order to evaluate the variation of FST in the five populations, we must first predict the distribution of observed FST values under drift alone. We can then compare this to the observed distribution to see whether there is evidence that some genes have significantly low or high FsT values. An attempt to make this prediction for classical human polymorphisms (34) was inconclusive, partly because too few polymorphisms were used. In addition, the attempt was criticized (35) because the populations were assumed to have evolved independently from each other. In fact the evolutionary history of these populations is known at least approximately and produces constraints that affect the theoretical FST distribution under drift alone, as shown by Robertson (35) .
In the present case the number of polymorphisms is large, few have reached fixation, and evolutionary history is reasonably well known. It was thus possible to set up a simulation that took evolutionary history into account. The conditions of the simulation are briefly summarized in Fig. 3 , which shows two simulated distributions of FST for given initial gene frequencies, on which the distribution depends. The main assumptions ofthe simulation are that the average FST equals the observed one (0.139), gene frequencies are distributed as Beta variates (22, 34) , and the population size in each branch remains constant. Simulations were carried out separately for the two evolutionary histories suggested by the two trees of The diamonds in Fig. 4 (36) , which is roughly one-third of the census size (37).
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Evolution: Bowcock et al. A model of extreme fluctuation in population sizes might account for the observed FST variation, but it seems more likely that at least part of the deviation from the simulated distribution is due to the existence of either disruptive or stabilizing selection for a number of these genes. We estimate that the fraction of selected genes in our present data set may be as high as one-third, but this is likely to be a maximum estimate. If the variation of population size in time and space or other related factors have had a major effect in increasing the variation of FST values over and above that calculated here, then the estimate that two-thirds of the genes are selectively neutral is a conservative one.
